We have designed a series of modular and fluorescent poly(arylester) dendrimers functionalized with cyanobiphenyl subunits and fluorescent borondipyrromethene (Bodipy) dyes. The green emitter is a Bodipy with four methyl groups, and the Bodipy dye possessing extended conjugation with two methyl and two vinyl groups acts as a red emitter. The design element of these architectures relates to a secondary amide linkers interposed between the conventional Bodipy and the dendrons. The second-and thirdgeneration dendrimers give rise to nematic and/or smectic A phases, whereas the first-generation dendrimers show smectic A and C phases or an unidentified mesophase. The novel materials are highly fluorescent in solution and in the as-obtained powders but not in the mesophase. Dilution of the dendritic dyes with the nonfluorescent acid dendron in the solid phase shifted the fluorescence to higher energy, and demonstrated the presence of aggregates in the solid state. Mixing the red and blue materials in a solid phase led to the observation of effective electronic energy transfer from the red dye to the blue one. Increasing the proportion of the red dye (energy donor) from 1 to 250 molar with respect to the blue dye (energy acceptor) resulted in the observation of residual emission of the red dye in the solid state mixture. Increasing the proportion from 1 to 1000 resulted in equal emission in the 540 to 760 nm range.
■ INTRODUCTION
Much attention is devoted to the design of amphiphilic dendrimers because of their potential applications in nanosciences 1 and biomedicine. 2, 3 Contrary to conventional liquidcrystalline (LC) materials, dendritic platforms tolerate various functional groups whose shape, molecular volume, and physical properties can be counterbalanced by the size (generation) of the dendrimers as well as by the nature of the functional groups required to favor microsegregation within the mesophases. 4 Several modular and self-assembled systems have been reported, including liquid-crystalline [60]fullerenes, 5 ferrocenes, 6 [60]-fullerene-ferrocene dyads, 7 diruthenium clusters, 8 flat fluorescent dyes, 9 and gold nanoparticles. 10 Recently, libraries of amphiphilic dendrimers carrying monosaccharides (D-mannose and Dgalactose) and disaccharides (D-lactose) in their hydrophilic parts, have been engineered, and their ligand bioactivity demonstrated. 3 Luminescent liquid-crystalline materials have recently gained much importance because of their novel and specific utilizations, such as (i) to tune the mesophase arrangements by photoisomerization of specific items (e.g., azo or vinyl functions), (ii) to favor charge mobility and charge separation along columnar organization, and (iii) to promote sensing properties in the gel phase or mesophases. 11−14 The introduction of packing changes in a luminescent self-assembled condensed phase through the use of external stimuli (e.g., photon 15 or mechanical stress 11, 16 ) might find interesting applications in optoelectronic devices and sensors. Recently, photoresponsible self-assembly of vesicles prone by a host−guest azobenzene/β-cyclodextrin interaction, and dismantled by the trans/cis azo isomerization under photonic stimulation, has been studied. 17 Phosphorescent liquid-crystalline platinum and iridium complexes 18, 19 have also been studied and show the importance of the geometry and space filling of the chromophore in the packing of the molecules within the mesophases and on the luminescence properties. Thermotropic luminescent palladium(II) ortho-metallated imine 20 or Nbenzoylthiourea complexes, 21 and luminescent molybdenum nanoclusters also exhibit interesting liquid-crystalline properties. 22 We have previously shown that borondipyrromethene dyes adequately substituted with a 3,5-diacylamidotoluene platform equipped with two lateral aromatic rings each bearing three appended aliphatic chains give rise to fluorescent organogels 23 and liquid-crystalline materials with columnar organization. 24 At that time, the synthetic procedure was known to prepare 4,4′-difluoro-4-bora-3a,4a-diaza-s-indacene (F-Bodipy) derivatives (structure A in Chart 1) with red color (λ abs about 520 nm) only. These mesophases display remarkable optolectronic properties with strong absorption in the visible region, high fluorescence quantum yields and relatively narrow emission bandwidths with high peak intensities.
9b,25
The recent engineering of blue Bodipy dyes (structures C and D in Chart 1) constructed from the red dye B (Chart 1) by an extended divinyl central core opens the doors to the preparation of liquid-crystalline materials with different colors. We have exploited this concept by constructing Bodipy dyes with opposite charges: the blue dye carries an ammonium function while the red dye is made of two sulfonate anions. The ionic-self-assembly of these dyes in a 2:1 blue-to-red stoichiometry affords liquidcrystalline materials with columnar phases in which very efficient fluorescence energy transfer from the central red dye to the external blue dye occurs in solution and in the columnar phases. 25 However, the materials tend to decompose above 200°C
, and the isotropic melt could not be reached.
In this account, we report the successful preparation and characterization of dendritic red and blue liquid-crystalline materials and demonstrate efficient energy transfer from the red to blue dyes in the condensed phase prepared by mixing both materials. However, these materials are not fluorescent in the mesophases. 
■ RESULTS AND DISCUSSION
Materials and Syntheses. The design is based on first-, second-, and third-generation dendrons bearing a carboxylic acid function (Chart 2) 9b and Bodipy dyes having a flexible amino function. 26 The use of a tiny linker between the dendron and the dye is required because of the poor nucleophilicity of the mesoanilino blue dyes, 27 which did not allow coupling with dendrons of different generations. The use of diethylenediamine as a linker allows Schotten−Baumann cross-linking between the dendrons and the dyes under mild reaction conditions after activation of the acid. 28 The key Bodipy dyes were prepared as illustrated in Schemes 1 and 2. The red dye 4 was synthesized by the condensation of 2,4-dimethylpyrrole and p-iodobenzoyl chloride followed by ring closure with BF 3 ·Et 2 O. 29 The blue dye 7 was synthesized via Knoevenagel condensation of 4 and p-methoxybenzaldehyde in concentrated solution and at high temperature. 30 Substitution of both fluorides of 4 and 7 was feasible using the Grignard reagent of 2,5-dioxaoctyne. The reaction proceeded smoothly and furnished compounds 5 and 8, respectively. The new peaks at δ 81.1 and 91.5 ppm for the alkyne carbons in the 13 C NMR spectrum, and a singlet at δ −10.00 ppm in the 11 B NMR spectrum confirmed the formation of 5. Similar characteristic peaks in the spectrum of 8 were also observed. Then, a Pd catalyzed carboamidation reaction of 5 and 8 in the presence of a flux of CO and an excess of ethylenediamine furnished the red Bodipy 6 and blue Bodipy 9 with primary amine residues which were necessary for the subsequent coupling with the acid derivatives (Schemes 3 and 4). 31 The structures were confirmed by spectroscopic methods. For example, the IR peaks at 1644 and 3332 cm −1 and the 13 C NMR peaks at δ 41.3, δ 42.2, and δ 167.0 ppm confirmed the molecular structure of 6. It was anticipated that the additional tiny styryl groups in 9 would not change the basic assembly structure of the liquid crystals obtained from the same generation of dendrimer and the red dye 6.
The dye 6 was coupled with dendrons 1, 2, or 3 via peptide coupling reaction using 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide (EDCI) and 4,4′-dimethylaminopyridine (DMAP) to furnish 10, 11 and 12, respectively (Scheme 3). Coupling of dye 9 with 1, 2, or 3 yielded 13, 14, and 15, respectively (Scheme 4). The NMR spectra of all compounds contain the characteristic peaks of the Bodipy and dendron moieties.
Liquid-Crystalline and Thermal Properties. The mesomorphic and thermal properties were investigated by polarized optical microscopy (POM) and differential scanning calorimetry (DSC). All the compounds reported herein show liquidcrystalline properties. The phase-transition temperatures and enthalpies are reported in Table 1 . By DSC, melting points were obtained (except for compound 14) during the first heating run only indicating partial crystalline character of the samples. From the first cooling run, glass transition temperatures were observed for compounds 11 and 12.
First-Generation Dendrimers. No typical texture was obtained for 13 even when the sample was annealed for several hours near the clearing temperature. Only a birefringent liquid was observed both on heating and cooling the sample. On cooling compound 10 from the isotropic liquid, focal-conic fan and homeotropic textures were identified that indicated the formation of the smectic A phase (Figure 1 ). On further cooling, modification of the textures was observed by POM at 105°C indicating a phase transition. No typical texture was obtained for the low-temperature mesophase even after annealing the sample for several hours. As no transition was observed by DSC for this modification, this transition is of second order, and suggests a smectic A-to-smectic C phase transition.
Second-Generation Dendrimers. Nematic ( Figure S1 in the Supporting Information, schlieren texture) and smectic A phases (Figure 2 , focal-conic fan texture) were observed for 14, and a smectic A phase was obtained for 11. An increase in the clearing point on going from the first-to the second-generation dendrimer is observed as a consequence of stronger intermolecular interactions because of a higher number of mesogens when the dendrimer generation increases.
Third-Generation Dendrimers. Compounds 15 and 12 displayed smectic A phases that were identified from the formation of focal-conic fan textures. The latter appeared only when the samples were annealed several hours near the clearing point. Compounds 15 and 12 display the highest clearing points among the materials reported here. The stabilization of mesophases as a function of the number of mesogens is often observed for this kind of dendrimers. 32 The liquid-crystalline phases obtained for compounds 10−15 are in agreement with the structure and nature of the poly(arylester)dendrimers carrying cyanobiphenyl mesogens.
Such mesogens have a strong tendency to align parallel one to each other and give rise to the formation of layers as observed for various materials, including liquid-crystalline fullerenes, 33 pillar-[n]arenes (n = 5 or 6), 34 gold nanoparticles, 10b and side-chain polymers. 35−37 Finally, the liquid-crystalline properties observed for the compounds described herein are in agreement with the properties obtained in our former study based on liquidcrystalline borondipyrromethene dyes.
9b ■ X-RAY DIFFRACTION STUDIES
X-ray experiments were carried out on materials submitted to a thermal treatment consisting of heating up the samples into the isotropic liquid and cooling them down slowly into the mesophase or mesomorphic glass (room temperature).
The X-ray patterns of compounds 12, 14, and 15 are consistent with the formation of smectic phases ( Figure 3 ).
The patterns contain one or two sharp maxima in the low-angle region and a diffuse halo in the high-angle region. When there are two low-angle maxima, their reciprocal spacing ratio is 1:2, characteristic of a layered structure. The diffuse character of the high-angle halo is typical of disordered SmA and SmC phases. The latter phases are difficult to distinguish on the basis of XRD only, and the determination of the optical textures by POM is a reliable method to assign the actual type of the mesophases.
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For compounds 13, 11, and 10, the X-ray diffractograms do not contain sharp maxima but only diffuse scattering is detected (an illustrative example is shown in Figure S2 in the Supporting Information). For compounds 12 and 15, the results of the XRD studies are very similar. In both cases, one single low-angle sharp reflection and a high-angle diffuse band are observed in the patterns taken on thermally treated samples. As mentioned above, this kind of pattern is consistent with a smectic phase and is in agreement with the POM observations. For compound 12, the experimentally measured spacing is 29 Å. This value cannot correspond to the layer thickness because it is too small compared to the length of the molecule. Therefore, the experimentally observed maximum must be the second-order reflection (d 002 ), and thus the layer thickness for compound 12 is 58 Å. For compound 15 (d 002 = 26 Å, layer thickness =52 Å), the results are qualitatively similar and the conclusions are the same as for compound 12. The layer thickness values found for these two compounds compare well with the smectic layer thickness measured on the smectic A phase of the analogous compound that has the same structure as 12 and 15 but lacking the substituents on the Bodipy ring. The absence of the first-order reflection for the smectic phase of these two compounds is most likely due to their structures based on alternating sublayers containing the dendritic core (including the Bodipy unit) and the mesogenic units. These two high-generation dendrimers contain eight mesogenic units statistically oriented in both senses with the dendritic core and Bodipy units in the middle. This alternating structure, described for other dendritic systems containing the same mesogenic units, 8a,9b,39 creates a modulation of the electron density with a period equal to half the full layer thickness. The same phenomenon was reported for liquid-crystalline side-chain polymers, 40 and was accounted for by the confinement of the polymer backbones in a thin sublayer with the mesogenic units to both sides, so that the backbones (the dendritic core in our case) create an electron density maximum comparable to that of the mesogenic cores.
The absence of X-ray reflections in the diffractograms of 11 and 10 is surprising at first glance, because these compounds show smectic phases as revealed by POM, and this type of mesophases has a long-range interlayer periodicity. However, this phenomenon is not totally unexpected and in fact such a behavior was already observed in our former study. 9b The absence of Bragg reflections is accounted for by a poor layering due to a diffuse interface between the smectic layers. The diffuse character of the interface finds its origin in the interdigitation of the cyanobiphenyl units, and this prevents clear diffractograms to be obtained. However, the compounds for which clear diffraction peaks were obtained led to a structural model for the supramolecular organization within the smectic phases ( Figure  4) .
Spectroscopic Properties and Energy Transfer in the Condensed Phase. The spectroscopic data of the compounds in solution are collected in Table 2 . In solution, all compounds show a strong S 0 → S 1 (π−π*) transition at 500 nm for the red family 10, 11, and 12 41 and at 643 nm for the blue family 13, 14, and 15, 42 characteristic of the Bodipy dyes connected to the dendrimers. In the UV part of the spectra, the contributions of the phenyl groups of the dendrimers are observed with a common hyperchromic shift with increasing the generation of the dendrimers (Figures 5 and 6 ). The spectral profile is weakly sensitive to solvent polarity (THF, dichloromethane, toluene, dioxane, or DMF) and in keeping with singlet excited states.
Excitation of all compounds in solution in their S 0 → S 1 transition induces classical emission of the singlet excited state of the central Bodipy dye. The red compounds emit in solution at 511 nm and the blue dyes at 658 nm with a high quantum yields (ca. 60% for the red dyes and about 58% for the blue dyes) and a nanosecond lifetime regime (ca. 4 ns). The low nonradiative rate (k NR ), the short lifetime and the shape of the steady-state emission are in good agreement with singlet emitters. 43 It is important to mention that the fluorescence was completely quenched in the mesophase: to generate liquid-crystalline phases, heating is required, which most likely favors nonradiative deactivation because of thermal motion enhancement of the molecules.
Solid state emission of pristine compounds 12 and 15 are observed at 576 and 775 nm, respectively (Figures 7 and 8) . They are strongly bathochromically shifted and significantly broader versus the same dyes in fluid solution. These spectral shapes are consistent with luminescence of emissive aggregates obtained by stacking the molecules in the solid state (Figures 7 and 8) . 45 When dyes 12 or 15 are diluted in acid 3 (10% weight), a less bathochromically shifted emission is observed. In this solidsolution, the thin and structured emissions observed at 537 and 688 nm, respectively, are likely due to the association of two molecules forming dimers. Such a behavior has previously been observed in thin films of OLED devices engineered from Bodipy dyes. 46 The dilution of the dye at the solid state induces an enhancement of the fluorescence likely due to the formation of less nonfluorescent aggregates. The solid-state quantum yields measured using an integration sphere at: (i) 0.10 ± 0.02 for 12 as pristine solid at λ em 576 nm and 0.42 ± 0.10 for 12 dispersed at Figure 4 . Postulated supramolecular organization of third-generation dendrimers 12 and 15 within the smectic A phase. The interdigitation is illustrated by the yellow and blue cyanobiphenyl units: the blue units belong to the dendrimers which are displayed on the drawing, and the yellow units belong to dendrimers of adjacent layers. Because of the lypophilicity of the Bodipy core, some of the latter groups can also be localized in the sublayers containing the mesogenic units. 10% in acid 3 at λ em 537 nm ( Figure 7) ; (ii) <0.01 for 15 as pristine solid at λ em 775 nm and 0.40 ± 0.10 for 15 dispersed at 10% in acid 3 at λ em 688 nm match well the values found in solution (Table 2 ; 67% for 12 in solution compared to 42% in the solid state, and 60% for 15 in solution compared to 40% in the solid state).
An interesting behavior is observed in the solid-state emission for the 12/15 mixture with decreasing the proportion of dye 15 (energy acceptor) when excited in the absorption band of dye 12 at 480 nm. With a 1:1 to 1:2 ratio of dyes 15/12, no residual emission of donor 12 is detected between 530 and 600 nm, but an intense emission at 736 nm is observed, which is attributed to the 15-aggregates (vide supra). When the ratio of 15 versus 12 is progressively reduced to 1:10, a large emission peak clearly composed of two overlapping emissive bands is observed, leading to the conclusion that different dye arrangements in the solid state are obtained under these conditions (Figure 9) . By increasing the dilution process from 1:20 to 1:50, the wavelength shift is less pronounced and the emission profile resembles the one obtained above for the solid-solution of 15 diluted in acid 3 at 10% in weight (Figure 8) . Interestingly, when the amount of blue dye is further reduced with respect to the red dye, the energy transfer process is less efficient as observed by the increase in the residual emission of the aggregated dye 12 in the 520 to 620 nm range (Figure 9 ). For weight proportions of 1 to 1000 (dye 15 to dye 12), dual emission of the aggregated dye 12, aggregated dye 15, and nonaggregated dye 15 appears clearly (green traces in Figure 9 ).
■ CONCLUSIONS
Our studies demonstrate that by judicious design of the dendritic platform and Bodipy linker liquid-crystalline materials can be prepared effectively. Because of the nature of the liquidcrystalline promoters, nematic and disordered smectic phases 44 All Φ F are corrected for changes in refractive index.
c Calculated using the following equation: k r = Φ F /τ F , k nr = (1 − Φ F )/τ F , assuming that the emitting state is produced with unit quantum efficiency. are observed. Interestingly, the pure red and blue materials are fluorescent in the solid state, forming fluorescent aggregates that are bathochromically shifted with respect to the same dyes in solution. Dispersion of the pure materials with the corresponding nonfluorescent acid enhanced the fluorescence quantum yields and shifted the fluorescence to higher energies. High efficiency of energy transfer in the condensed state within films of dyes bearing large dendrimers is clearly evidenced. However, in the liquid-crystalline phases, these materials are completely quenched due to the need of heating of the material.
Nonradiative deactivation often appears in a condensed state due to nonradiative deactivation channels favored by motion of the molecules in a hot stage. The role of the dendritic framework to properly disperse the Bodipy dyes in the solid state avoiding formation of nonfluorescent aggregates is evidenced, and quantum yields of about 40% were determined in the solid state under dispersed conditions at ambient temperature.
■ EXPERIMENTAL SECTION
Synthesis and Characterization of the Compounds. Compound 4. A mixture of 2,4-dimethylpyrrole (1.000 g, 10.50 mmol) and p-iodobenzoyl chloride (1.370 g, 5.20 mmol) in dry CH 2 Cl 2 (50 mL) was stirred at 25°C for 72 h. The mixture was then treated with Et 3 N (0.5 mL), and stirred for another hour. Finally, BF 3 ·Et 2 O (2.29 mL, 13.8 mmol) was added to the mixture and the solution stirred at 25°C overnight. The resulting dark mixture was washed with aqueous saturated NaHCO 3 (100 mL), water (50 mL), brine (50 mL) and dried. Removal of solvent in vacuo followed by column chromatography of the residue (flash silica gel, petroleum ether/ethyl acetate) furnished 4 (0.76 g, 32%) as a red powder. IR: 1553, 2880, 2927 cm Compound 7. Compound 4 (304 mg, 0.68 mmol), p-methoxybenzaldehyde (92 mg, 0.68 mmol) and piperidine (5 mL) were mixed in toluene (35 mL) and heated under reflux for 3 h. Any water formed during the reaction was removed azeotropically by means of a Dean− Stark trap. Then, the solvent was removed under reduced pressure and the crude product was purified by column chromatography (flash silica gel, petroleum ether/ethyl acetate) to furnish a blue solid 7 (380 mg, 82%). IR: 1598, 2947 cm Typical Procedure for the Grignard Reaction. To a solution of 4,7-dioxaoct-1-yne (234 mg, 2.05 mmol) in dry THF (30 mL) was added ethylmagnesium bromide (1.71 mL of 1 M THF solution, 1.71 mmol). The mixture was heated at 60°C during 2 h, cooled to 25°C, and transferred via canula to a solution of 4/7 (0.68 mmol) in dry THF (20 mL). The mixture was stirred at 25°C until complete consumption of the starting material was observed by TLC (12 h). Aqueous saturated NH 4 Cl (20 mL) was then added into it and the mixture was extracted with CH 2 Cl 2 (30 mL). The organic layer was washed with water (20 mL) and brine (20 mL), dried, and evaporated. The residue was purified by column chromatography (flash silica gel, petroleum ether/ethyl acetate) to furnish 5/8.
Compound 5 Typical Procedure for the Schotten−Baumann Cross-Linking. A mixture of dendron 1/2/3 (0.06 mmol), dye 6/9 (0.07 mmol), EDCI (28 mg, 0.15 mmol), and DMAP (18 mg, 0.15 mmol) in CH 2 Cl 2 (70 mL) was stirred at 25°C until completion of the reaction. The organic layer was thoroughly washed with H 2 O (2 × 10 mL), dried (MgSO 4 ), and concentrated. The crude product was purified by column chromatography (silica gel, CH 2 Cl 2 /MeOH, 100/0 to 99/1) and crystallized from CH 2 Cl 2 /CH 3 CN to furnish 10-15. Techniques, instruments, and analytical data of the new compounds. This material is available free of charge via the Internet at http://pubs.acs.org/.
